The apparent molar volumes, V φ , of two series of homologous aliphatic carboxylic acids, H(CH 2 ) n COOH [n = 0-5] and (CH 2 ) n (COOH) 2 [n = 0-5], were determined in dilute aqueous solutions by density measurements at T = 298.15 K. Densities were measured using a vibrating-tube densimeter (DMA 5000, Anton Paar, Austria) at T = 298.15 K. These results were used to calculate the apparent molar volumes of each solute over the concentration range 0.0050 ≤ m/(mol·kg −1 ) ≤ 0.3000. Values of the apparent molar volumes of undissociated acids V 0 φ(u) were also calculated. The variation of V 0 φ(u) was determined as a function of the aliphatic chain length of the studied carboxylic acids.
shows that only a few authors have attempted to determine values of the apparent molar volumes of carboxylic acids in water [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] .
Therefore, the purpose of the present study is to determine the density, apparent molar volume, and apparent molar volume at infinite dilution, and the limiting partial molar volume of carboxylic acids of the types H(CH 2 ) n COOH [n = 0-5] and (CH 2 ) n (COOH) 2 [n = 0-5] in water at T = 298.15 K.
Experimental

Materials
The sources of chemicals and methods of purification were described in our previous papers [1] [2] [3] [4] . Water was passed through an ion exchanger and then distillated. The specific conductivity of this purified water was less than 0.8 × 10 −6 −1 ·cm −1 .
Apparatus and Procedures
The densities of solutions were measured using a vibrating-tube digital densimeter (Model DMA 5000, Anton Paar, Austria) with a precision of ±1 × 10 −6 g·cm −3 and an accuracy of ±5 × 10 −6 g·cm −3 . The temperature of the water around the densimeter cell was controlled to ±0.001 K. The densimeter was calibrated periodically with dry air and pure water.
The solutions were prepared by adding weighed amounts of the concentrated stock solutions into a cell containing a known amount of pure water. All of the solutions were prepared by mass using an analytical balance (Sartorius RC 210D) with an uncertainty of ±1 × 10 −5 g.
Results and Discussion
The densities (ρ) of solutions of the studied carboxylic acids at T = 298.15 K are given as a function of concentration in Table 1 . From the measured densities the apparent molar volumes (V φ ), were calculated by using the following equation:
where V φ is the apparent molar volume, m is the molality, M w is the molecular weight of the carboxylic acid, and ρ 0 and ρ are the densities of water and of the solution, respectively. The values of V φ as a function of concentration of electrolyte are summarized in Tables 1a  and 1b . The dependence V φ as the function of the concentration for strong electrolytes can be described by the Redlich-Rosenfeld equation [16, 17] :
where: V 0 φ is the limiting apparent molar volume, S v is the theoretical limiting slope, b v is an empirical constant determined from experimental results, and c is the molar concentration. The value of S v for aqueous solutions of 1:1 and 2:1 type electrolytes at 298.15 K are equal, respectively, to 1.868 and 9.706 cm 3 ·dm 3/2 ·mol −3/2 [16, 17] . In the case of weak electrolytes such as mono and dicarboxylic acids, Eq. 2 must be modified. For the studied monocarboxylic acids (HA) Eq. 2 adopts the following form:
where: V HA(i) is the apparent molar volume of the acid in its dissociated form, and V HA(u) is the apparent molar volume of the acid in the undissociated form.
The values of β can be calculated by optimization using:
where y ± is the molarity-based activity coefficient, A DH and B DH are coefficients defined by the Debye-Hückel limiting law; for water at 298.15 K, A DH = 1.1727 mol −1/2 ·dm 3/2 and B DH = 0.3286 × 10 8 mol −1/2 ·dm 3/2 ·cm −1 . The values of R y were assumed to be equal to q = 3.58 × 10 −8 cm (the Bjerrum distance). The β coefficients can be determined from values of the association constants K A reported in the literature [18] . Calculated values of β are collected in Table 1a . Equation 3 , after talking into consideration Eqs. 4 and 5, assumes the following form:
A similar approach was applied by King [5] for the analysis of the apparent molar volumes of monocarboxylic acids. However, King transformed Eq. 6 into the following form:
King [5] assumed that component terms β V 0 , βS v(i) √ βc and b v(i) β 2 c are small enough to treat the left side of the Eq. 6b as being linearly dependent on (1 − β) 2 c. On the basis of this assumption, he estimated values of V 0 HA(u) and b v(u) for formic, acetic and butyric acids. A similar method was applied by Høiland [6] for estimation of V 0 H 2 A(u) and b v(u) for dicarboxylic acids (CH 2 ) n (COOH) 2 with n = 0-5.
A different procedure proposed by King [5] has been applied in this work. Assuming that: S v(i) = 1.868 [16, 17] :
Then Eq. 6a assumes the following form:
Values of V 0 NaA were reported in our previous work [19] whereas V 0 HA(u) , b vu and b v(i) of Eq. 7 are unknowns.
The dependences of the separate terms of Eq. 7 on the concentration are shown for formic (n = 0) and caproic (n = 5) acids in Figs. 1a and 1b , and the numerical values of these terms are presented in Tables 3a and 3b . The β 2 cb v(i) term was omitted since its value is smaller than the experimental error.
As shown at Fig. 1 and Table 3 , the values of the apparent molar volumes of the acids are practically affected only by the βV 0 HA(i) and (1 − β)V 0 HA(u) terms. The impact of (1 − β) 2 cb v(u) is definitely smaller. In the case of the higher monocarboxylic acids for which the values of β are smaller, this conclusion is more certain.
The values V 0 HA(u) and b v(u) were obtained using a nonlinear least-squares method and they are reported in Table 2 . The V 0 φ(u) results given in Table 2 for monocarboxylic acids correlate well with results reported by King [5] and Hamman [8] . Only for formic acid, and to a lesser degree for acetic acid, is this correlation worse. Values for valeric (n = 4) and caproic (n = 5) acids have been determined for the first time.
The dependence of V 0 φ = f (n) is shown in Fig. 2 . This plot is linear with a slope equal to 15.88 for n = 0-5. For n = 0 there is no alkyl group in the studied molecule and there is only one -CH 3 group for n = 1. Therefore, on the basis of the observed dependence V 0 φ = f (n) for n = 2-5, we estimate that the value of the partial molar volume of the -CH 2 -group is 16.01 cm 3 ·mol −1 . This value is very close to that estimated by other authors [20] [21] [22] , V 0 CH 2 = 15.9-16.0 cm 3 ·mol −1 , and by us [19] (V 0 CH 2 = 15.6 cm 3 ·mol −1 ) from studies on the apparent molar volumes of sodium salts of the monocarboxylic acids.
Equation 2 for dicarboxylic acids can be rewritten the following form:
where: β 1 is the fraction of dissociated acid occurring in the form H + + HA − , β 2 is the fraction of dissociated electrolyte occurring in the form 2H + + A 2− , and 1 − β 1 − β 2 is the fraction of the electrolyte in its undissociated form. Values of β 1 and β 2 can be determined by optimization methods from the equation:
The symbols K D and K A indicate, respectively, dissociation and association equilibrium constants.
As in the case of monocarboxylic acids we assumed that R y = q, and dissociation constants were taken from Ref. [18] . The values of term βS v(i) √ βc are smaller than 0.01 Fig. 2 The dependence of the limiting partial volume of undissociated acids (V 0 φ (HA,u) ) on the number of carbon atoms (n) in the molecules of monocarboxylic acids H(CH 2 ) n COOH: (!) experimental values; (") literature [8] ; (P) literature [5] Values of β 1 and β 2 are reported in Table 1b . The molar volumes V H 2 A(i1) , V H 2 A(i2) , and V H 2 A(u) can be expressed by the following equations:
Therefore, Eq. 7 can be rewritten in the following form:
Values of V 0 H 2 A(i1) were calculated using the following equation:
Value of V 0 NaHA , obtained from studies of the apparent molar volumes of monosodium salts of dicarboxylic acids were used these calculations [23] . The value of V 0 H 2 A(i2) was calculated similarly: Fig. 3 The experimental (!) and calculated values (") of V φ and the values of terms of Eq. 7:
for oxalic acid (a), for pimelic acid (b) using the values of V 0 Na 2 HA reported in our earlier work [19] . The values of component terms: [23] . This approximation seems to be better than the assumption that b v(i1) = 0. Figures 3a and 3b show the concentration dependences of the individual terms of Eq. 16. As is seen at Fig. 3a and Table 4a for oxalic acid, values of β 1 V 0 H 2 A(i1) are comparable with the term representing the undissociated portion of the acid (1β 1 − β 2 )V 0 H 2 A(u) over the studied concentration range. For pimelic acid ( Fig. 3b and Table 4b ), the contribution of the β 1 V 0 H 2 A(i1) term to V φ is small. It results of course from the fact that oxalic acid is more Fig. 4 The dependence of the limiting partial volume of undissociated acids (V 0 H 2 A(u) ) as a function of the number of carbon atoms (n) in the molecules of dicarboxylic acids HOOC(CH 2 ) n COOH: (!) experimental values; (") literature [6] ; (P) literature [9] dissociated. Values for the β 2 V 0 H 2 A (i2) term for the studied acids are comparable to or much less than the errors of V φ (oxalic acid).
While choosing the method for determining the value of V 0 H 2 A(u) for dicarboxylic acids (CH 2 ) n (COOH) 2 , it is necessary to take into account the distinct increase of the value of β 1 (and thereby the contribution of the component term β 1 V 0 H 2 A(i1) ) when n = 0 (and for n = 1, 2). Values of V 0 H 2 A(u) determined by the nonlinear least-squares method are reported in Table 2 .
It is observed that for carboxylic acids with n = 3-5, consistency among the results of Høiland [6] , Sipkes [9] , and our results are good, for n = 2 it is slightly worse, whereas for n = 0 (oxalic acid) the divergence reaches approximately 4 cm 3 ·mol −1 . Høiland omitted the second dissociation step in Eq. 16 as quantitatively inessential and, after examining the King's method, he presented Eq. 16 in the alternative form:
where:
According to Høiland [6] , the left side of the Eq. 17 differs slightly from V φ . Høiland evaluated these differences as being small (0.1-0.5 cm 3 ·mol −1 ) for dissociation constants ranging from 10 −4 to 10 −5 . However, for oxalic acid such differences cannot be neglected. It is also worth mentioning that according to Høiland, values of V 0 φ(u) and V i could be burdened with a large error. After taking into account the value V 1 = −6.7 cm 3 ·mol −1 estimated by Høiland and values β 1 for this acid included in Table 1 , it is clear that differences between values of V φ − V φ must be considerably greater since only the β 1 V 1 term reaches a value of a few cm 3 ·mol −1 . The same concern also applies to the acids (CH 2 ) n (COOH) 2 with n = 1 and n = 2, although to a smaller degree. The above mentioned comments may be useful for explaining the differences between values of V 0 H 2 A(u) estimated in the present work and Høiland's results.
Similar comments apply to the consistency with Sijpkes [9] data. Sijpkes treated V 1 as the chosen parameter in Eq. 17 and obtained its value using least-squares analysis. However, values V 1 that he determined differ considerably from the results reported by Høiland. Such differences are particularly noticeable for acids (n > 0) for which the approximations used by Høiland are very justified.
The dependence of V 0 φ,H 2 A(u) on the number of carbon atoms (n) in the hydrocarbon chain for n = 1-5 is shown in Fig. 4 . It is linear indicating that the molar volume of the -CH 2group is approximately equal to 15.96 cm 3 ·mol −1 . This value is very close to the value obtained in the present work for monocarboxylic acids.
Knowledge of the value H 2 A (i1) [23] is necessary for a detailed analysis of the apparent molar volumes of a dicarboxylic acid. This value can be determined from results of studies of monosodium salts (NaHA) of dicarboxylic acids after taking into account all equilibria occurring in the solutions. This will be a subject of our future studies.
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